Sulfonamides amines, alcohols, and phenols were efficiently acylated with carboxylic acid anhydrides and chlorides using ZSM-5-SO 3 H as catalyst under mild and solvent-free conditions. Also, direct esterification of alcohols with carboxylic acids occurred readily in the presence of this catalyst. Different types of amides and esters were obtained in moderate to high yields and purity after a simple workup. No chromatographic separation is needed for isolation of the acylated product. The catalyst was recovered and reused for up to four times without a noticeable decrease in catalytic activity.
Introduction
The acylation of alcohols, phenols, and amines is one of the most frequently used processes in organic chemistry. It provides an economical and efficient method for protecting hydroxyl groups during oxidation, peptide coupling, and glycosidation reactions [1] . Acylation is usually carried out by treatment of an alcohol or amine with carboxylic acid chlorides or anhydrides in the presence of an acid or a base catalyst in a suitable organic solvent. Basic catalysts such as 4-(dimethylamino) pyridine (DMAP) [2] , tributylphosphines [3] , 4-pyrrolidinopyridine [4] , and acidic catalysts like Sc(OTf) 3 [5] , Gd(OTf) 3 [6] , lanthanide(III) tosylates [7] , RuCl 3 [8] , Al(HSO 4 ) 3 [9] , Bi(OTf) 3 [10] , and LiClO 4 [11] catalyze acylation reactions with acid chloride or anhydride as the acylating agent under homogenous conditions. Use of homogenous catalysts poses serious problems, such as difficulty in the separation and recovery of the catalyst, disposal of the spent catalyst, and corrosion problems. Solid acid catalysts such as commercial zeolites [12] and montmorillonite K-10 or KSF clay [13] and ZnO [14] have been reported for the acylation of alcohols with acetic anhydride.
Though acylation of alcohols can also be brought about by the action of Lewis acid reagents in conjunction with carboxylic acids, the Lewis acid is destroyed in the workup procedure resulting in substantial waste production [15] . Some heterogenized homogenous catalysts have also been reported for the acylation of alcohols and amines [16] . Most of the methods have some disadvantages, such as exothermic reaction, formation of by-products, complicated conditions, and excess acylating agents, and require longer reaction times, use of halogenated solvents, and expensive moisturesensitive toxic reagents. Apart from these difficulties, some of the above methods do not satisfy the requirements of green synthesis due to the inability to recover and reuse the catalyst. Thus, due to high importance of the acylation reactions, development of easily separable and reusable solid catalyst having high activity for the acylation reaction is of great practical importance.
The use of reusable heterogeneous solid acid catalysts received much attention because of their special advantages such as stability (toward air and moisture), lack of corrosion, ease of handling, recovery, low waste generation, and environmental friendliness, such as zeolites, clays and 
heteropolyacids [17] . Among zeolites, ZSM-5 is an aluminosilicate zeolite and is composed of several pentasil units linked together by oxygen bridges to form pentasil chain. ZSM-5 has high silicon to aluminum ratio; whenever an Al
3+
cation replaces a Si 4+ cation, an addition of positive charge is required to keep the material charge neutral with proton as the cation and the material becomes very acidic. The very regular 3D structure and the acidity of ZSM-5 can be utilized for acid-catalyzed reactions [18] .
Recently, as a part of our ongoing research project to develop newer environmentally benign synthetic methodologies using solid acid catalyst [19] [20] [21] [22] , ZSM-5-SO 3 H was synthesized for the first time in our group and was used in the acylation of aldehydes [23] and Mannich reaction [24] . Based on our previous works on solvent-free reactions particularly in acylation reactions [25] [26] [27] [28] , herein we wish to report our results on the acylation of alcohols, phenols, aliphatic and aromatic amines, and sulfonamides with some carboxylic acid anhydrides and chlorides (Scheme 1) and also acylation of alcohols with carboxylic acids (Scheme 2) under solventfree conditions.
Experimental
All chemicals were purchased from Merck and Fluka chemical companies. Infrared spectra were recorded on a PerkinElmer V IR spectrophotometer.
1 HNMR and 13 CNMR spectra were recorded on a Bruker (400 MHz) spectrometer in CDCl 3 . All reactions were conducted open to the atmosphere, and the yields refer to isolated products. The products were characterized by comparison of their spectral and physical data with those of authentic samples. ZSM-5 and ZSM-5-SO 3 H were synthesized following the procedure previously reported [19] .
General Procedure for Acylation of Amines.
Amine, (2 mmol) and ZSM-5-SO 3 H (0.01 g) were ground altogether into fine powder, and carboxylic acid anhydride (2 mmol benzoic anhydride, 4 mmol acetic anhydride, or 2.2 mmol of other anhydride) or carboxylic acid chloride (2 mmol) was added under vigorous stirring at low temperature in an ice bath and then was stirred at room temperature. The progress of the reaction was monitored by TLC. Upon completion of the reaction, CH 2 Cl 2 (20 mL) was added and the catalyst was filtered and washed with additional solvent (10 mL). The filtrate was washed with NaHCO 3 (5%, 10 mL) water (10 mL) and dried over anhydrous Na 2 SO 4 , and the solvent was evaporated to yield the product. The products were obtained in high purity (>95%).
General Procedure for Acylation of Sulfonamides.
Sulfonamide (1 mmol) and ZSM-5-SO 3 H (0.01 g) were ground altogether into fine powder, and carboxylic acid anhydride (1.5 mmol) was added under vigorous stirring at room temperature. The progress of the reaction was monitored by TLC. Upon completion of the reaction, the products were obtained as described in previous procedure in high yield and purity.
General Procedure for Acylation of Alcohols and
Phenols. Alcohol (1 mmol) and ZSM-5-SO 3 H (0.01-0.05 g) were ground altogether into fine powder, and carboxylic acid anhydride (1 mmol benzoic anhydride, 2 mmol acetic anhydride, or 1.2 mmol of other anhydride) or carboxylic acid chloride (1.2 mmol) was added under vigorous stirring at room temperature (for acetic anhydride), 80 ∘ C (for benzoic anhydride and benzoyl chloride), or 50 ∘ C (for other anhydrides). The progress of the reaction was monitored by TLC. Upon completion of the reaction, the products were obtained as described in previous procedure in high yield and purity.
General Procedure for Acylation of Alcohols with
Carboxylic Acids. Alcohol (1 mmol) and ZSM-5-SO 3 H (0.025-0.1 g) were ground altogether into fine powder, and carboxylic acid or dicarboxylic acid (1.2-2.4 mmol) was added under vigorous stirring at 80-120 ∘ C. The progress of the reaction was monitored by TLC. Upon completion of the reaction, CH 2 Cl 2 (30 mL) was added and the catalyst was filtered and washed with additional solvent (10 mL). The filtrate was washed with NaHCO 3 (5%, 30 mL) water (20 mL) dried over anhydrous Na 2 SO 4 and the solvent was evaporated to yield the product. The products were obtained in high purity (>95%). 
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Results and Discussion
As a starting point for this work, the reaction was optimized in order to find the best conditions especially in agreement with green chemistry (Table 1) . To find the optimum conditions for acylation of amines and sulfonamides with carboxylic acid anhydrides and chlorides, several sets of reaction conditions were examined (Table 1, entries 1-5) . Thus, under the best conditions, amines (2 mmol) were acylated at room temperature almost quantitatively with carboxylic acid anhydrides or chlorides (2-4 mmol) in the presence of 0.005-0.01 g of ZSM-5-SO 3 H without use of any solvents (Table 1 , entries 1-4). Acylation of sulfonamides (1 mmol) occurred only with aliphatic anhydrides (1.5 mmol) in the presence of 0.01 g of catalyst at room temperature under solvent-free conditions (Table 1, entry 5) .
Then, the reaction was explored with a variety of aromatic and aliphatic amines to evaluate the scope and limitations of this method ( Table 2 ). The results showed that the different aromatic amines containing various electron-donating andwithdrawing groups as well as aliphatic amines reacted with carboxylic acid chlorides or anhydrides within 5-30 minutes to produce the corresponding amides in 70%-95% yield.
Benzoic anhydride and benzoyl chloride was used as aromatic acylating agents. Also, acylation of amines were examined using different aliphatic acylating agents including acetic, pentanoic, and isobutanoic anhydrides. The excellent activity of ZSM-5-SO 3 H was demonstrated by the good to high yields obtained for anilines having electron-withdrawing groups such as Cl and NO 2 ( Table 2 , entries 7-9). However, the best yields were obtained with substrates bearing electrondonating groups, such as methoxy especially in the paraposition ( Table 2, entries 2 and 14) . Also very good results were obtained when secondary amines were acylated in the presence of ZSM-5-SO 3 H, and the corresponding amides were obtained in 78%-90% yields in 10-30 minutes at room temperature under solvent-free conditions ( Table 2 , entries 12 and 18). Finally, this method was used for the acylation of 4-methylbenzenesulfonamide as a weak nucleophile with acetic and pentanoic anhydrides. Interestingly, the corresponding -acyl sulfonamides were obtained in 80% and 92% yields after 5 and 15 minutes in high purity ( Table 2, entries 29 and  30) .
To demonstrate the versatility of this protocol, the acylation of alcohols and phenols was investigated using carboxylic acids, carboxylic acid anhydrides and chlorides, as acylating agents. At first, several sets of reaction conditions were examined to find the best conditions for acylation of alcohols. In the optimum conditions, alcohols and phenols (1 mmol) were acylated at room temperature with acetic anhydrides or chlorides (2 mmol) in the presence of 0.01 g of ZSM-5-SO 3 H under the solvent-free conditions (Table 1 , entry 6). Acylation with benzoic anhydride was done at 80 ∘ C using 0.05 g of catalyst (Table 1 , entry 7). When carboxylic acids were used as acylating agents, the reactions were done at 80-120 ∘ C (Table 1 , entries 8-10). Using a simple experimental procedure, the ZSM-5-SO 3 H catalyzed acylation of benzylic, primary and secondary alcohols proceeded efficiently using carboxylic acid anhydrides and chlorides (Table 3 , entries 1-15). Different carboxylic acid anhydrides, and chlorides such as benzoic anhydride, acetic anhydride, pentanoic anhydride and acetyl chloride were used as acylating agent, and the corresponding esters were obtained in high isolated yields and purity after short reaction times under the solvent-free conditions. Primary alcohols were acylated faster than secondary ones (Table 3 , entries 4), and sterically hindered alcohols, such as tert-butyl alcohol, remained unchanged. It was interesting to note that phenols were also satisfactorily acylated generating the corresponding esters in 75%-95% yields (Table 3 , entries [13] [14] [15] .
In order to generalize the catalytic efficiency of ZSM-5-SO 3 H for direct acylating with carboxylic acids, the acylation of alcohols was tried with different carboxylic acid (Table 3 , entries 16-38) while most literature methods for direct acylation of alcohols employ only acetic acid [29] [30] [31] . Acylation with acetic, propanoic, phenyl acetic, benzoic acid, and 4-methylbenzoic acid resulted in good yield of the esters under the solvent-free conditions. Also pleasing results were obtained when acylation of alcohols was done with dicarboxylic acids such as glutaric acid and pyridine-1,6-dicarboxylic acid, and the corresponding diester was obtained in high purity in absence of solvent (Table 3 , entries 35-38). It is noteworthy that, in contrast to most reported methods that need excess of acetic acid, in this method acylation of alcohols, was carried out using only 1.2-2.0 eq. of carboxylic acid. Also, acylation of ethylene glycol as a diol, was carried out with phenylacetic acid under solventfree conditions, and the corresponding ester was obtained in 84% after 5 minutes. It should be mentioned that several efforts to use this method for direct acylation of amines for the synthesis of amides were not successful. The importance of selectivity in organic chemistry encouraged us to consider the selectivity of acylation of different alcohols and amines. Several reactions were carried out using carboxylic acid anhydrides and chlorides as acylating agents, and, surprisingly, the excellent selectivity was found. For example, aromatic amines such as 4-methyl aniline can be converted into the amide in the presence of phenol. On the other hand, aromatic amines were acylated selectively in the presence of aliphatic alcohol. Furthermore, the reactions of alcohols with acylating agent were so fast, in comparison to those of the phenol, that the selective acylation of aliphatic alcohols in the presence of phenols appeared to be a distinct possibility. The result showed that selective acylation of phenols with or without electrondonating group in the presence of phenols with electronwithdrawing group is possible with this method. As well as carboxylic acid anhydrides and chlorides, the excellent selectivity was observed when carboxylic acids were used as acylating agent. Acylation of alcohols was carried out selectively in the presence of phenols. Also acylation of alcohols was done in the presence of amines selectively, while as mentioned above this selectivity is reversed when carboxylic acid anhydrides were used as acylating agent (Scheme 3).
To show another advantage of the present acylation method and the importance of scale-up ability for laboratory and industrial purposes, a few amines and phenols were acylated in large scale successfully without considerable limitation. For example, acylation of 4-methyl aniline ( Table 2 , entry 4), 1-decanol with benzoic anhydride (Table 3 , entry 5), and 1-heptanol with benzoic acid (Table 3 , entry 18) was carried out in 20 mmol scales as well as the 1 mmol ones. The only difference is the reaction time. Reaction in large scale needs more time, that is, because of the difficulty in stirring the reaction mixture under solvent-free conditions.
Finally, we were interested to study the reusability of the catalysts due to economical and environmental aspects. For this purpose, the reaction of 1-heptanol with benzoic anhydride and benzoic acid was chosen as model reactions. At the end of each run, the catalyst was recovered from the reaction mixture by addition of dichloromethane, simple filtration, and drying at 100 ∘ C and then reused. The recycled ZSM-5-SO 3 H was used for further runs, and its activity did not show any significant decrease even after four runs.
Conclusion
In conclusion, we have described a highly efficient and chemoselective synthetic route for the acylation of sulfonamides amines, alcohols, and phenols with carboxylic acids, carboxylic acid chlorides, and anhydrides in the presence of ZSM-5-SO 3 H under solvent-free conditions. This method has advantages in terms of low cost and nontoxic nature of the catalyst, high yield and purity of the products, short reaction times, operational simplicity, and easy workup. In addition, recyclability of this protocol is attractive and useful. Direct acylation of alcohols with different carboxylic acids is another advantage of this protocol.
